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The mathematical model uses a phase quantity based modeline aDDroach develooed bv 19-121. using the conceot of I. INTRODUCTION Induction machines driven by static converters are widespread in the industry. The majority of works found in literature neglect the effects of magnetic saturation and air gap spatial flux harmonics, limiting the study to superficial analyses. Due to the non-linear relation between flux and magnetizing current, either dq or phase quantities based models lead to inaccurate and uncertain results under several operation characteristics. [I] . A great number of papers is focused on the development of mathematical models for a suitable representation of the magnetic saturation effects.
Thus, many modeling techniques, with different alternatives to account for such effects, have been proposed. These techniques are based mainly on the election of the state variables [2-31, smallsignal models [4] and modifications in the machine equivalent circuit [Sa] . Some works analyze the machine behavior when it is driven by vector-controlled converters, taking into account the magnetic saturation.
However, the analyses are limited to steady-state conditions harmonic magnetic function. Th; total phase fiux linkages are taken as state variables. There is no use of variable transformations as commonly used in other works in order to represent the cross-saturation. The effects of the 3rd spatial harmonics are considered without any manipulation in the equivalent circuit and with no requirement for the machine design data. Only the knowledge of machine terminal quantities is required to quantify the saturation. Quantities are determined in their own referential, providing a better physical insight about their behavior. Although the final equations to implement the model come out very simple, the full development is quite involved and is explained in detail in the above references. Following, a concise description of the model is given.
Considering a generic phase n that represents a stator or rotor phase, and neglecting the machine iron losses, the motor voltage equation is given by and Only the air-gap is considered [7- connection, and the third spatial harmonic is incorporated by the insertion of fictitious windings, thus modifymg the machine equivalent circuit. The aim of this paper is to offer a contribution to the topic induction machines driven by static converters, taking into
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0-7803-7817-7A3617.W 02W3 IFEE Since V, and R, are h o w , the solution of ( I ) is possible using the relation between in and & given by (2) , provided A, , " is h o w . In order to obtain the phase flux linkage, only the fundamental component of the resultant spatial disnibution of magnetomotive force produced by the currents of all rotor and stator phases is considered.
Suppose that the maximum value (FM) of this spatial distribution is located at a position given by an angle g at a certain instant of time, defined in a 8 reference axis of which origin is coincident with the phase a winding axis (Fig. I) . The distribution ofmagnetomotive force is written as Considering the winding of phase n distributed in several coils, each one with N tums, of which central axis is situated at a 8, position (Fig. 3) , the total flux linking the winding due to B(s) is where Fh (z) is the "magnetic harmonic function". It is obtained experimentally.
. .
Manipulating (2), (3) and (5) as shown by [9] , the following equations arise 
F,(FM):
The harmonic magnetic functions F; (%) and 4 (z)
are determined experimentally driving the induction machine at synchronous speed. Different values of balanced and distortion-free three-fase voltage are applied to the stator and the instantaneous values of V , and i. are digitally stored. This current corresponds to excitation current. Taking the iron losses out of the measured current and using the machine parameters, the instantaneous values of the magnetizing flux using (1) and (2) are determined. Fourier analysis provides F,(%) and F,(%) (Fig. 4) , corresponding to the amplitude of its fundamental and third harmonic components.
SLWJLATION RESULTS
Some simulations were performed in order to verify the behavior of the machine supplied by six step and sinusoidal PWM converters. Analyses were carried for both star and delta winding connections, with the motor at no-load. Initially, the results are presented considering a linear magnetic circuit; in the sequence, the effects of the saturation and spatial 3rd harmonic of the air-gap flux are included. In the non-saturated condition, that is, considering the machine magnetic circuit linear, the air gap flux varies linearly with the magnetizing current (Fig. 2) .
Figs. 5 and 6 show results of simulation considering linear magnetic circuit for the machine. Line and phase currents are shown for the delta connection under six-step driving in Fig. 5. Fig. 6 shows the phase voltage and line current for the sixstep drive with machine windings connected in star. The presentation of results along the paper is structured such as to show the corresponding frequency spectrum of the waveform under analysis. As expected from the analysis with linear magnetic circuit, only the harmonics originated by the switching strategy are present in the waveforms, which in the case of six-step drive correspond to 5th 7th 1 Ith and 13th ... Following, the behavior of the machine considering saturation is studied for the six-step drive. Fig. 7 shows the phase current for delta connection. Compared with figures 5c-5d it is noticed the presence of third harmonic in this current besides the harmonics due to electronic converter. The saturation of the air gap flux is the responsible for this harmonic component in the phase current. Tuming to star connection, Fig. 8 , the effect of saturation will lead to distortion in the phase voltage, observed by the "rounding" of the stepped waveform. Comparison of Fig. 8 and Fig. 6a-6b show the difference caused by the presence of third harmonic in this waveform. It is important to observe that, as expected, the line currents for both star and delta connection do not show any distortion caused by the third harmonic component of air-gap flux either for delta or star connection.
Sinusoidal PWM motor drive
Simulations were also conducted with the machine being for comparison. Fig. 9 shows the line and phase current for delta connection
Harmonic order (b)
As noticed, the PWM switching leads to improved waveforms, with negligible presence of low order harmonics. With simulation including the effects of saturation, the phase currents for delta will show the distortions caused by the non-linearity of the magnetic circuit, which is confirmed by the corresponding frequency spectrum as seen in Fig. 11 . For the star connection case, the distortion is caused in the Rotor quantities, as well as the electromagnetic torque, will Another situation analyzed is the operation with voltage boost. A voltage 20% greater than the rated V/f value was supplied to the motor. This can occur in real cases when the stator voltage drop compensation for lower operation frequencies is excessive. In such situations, since the motor operates at a higher saturation level, the fundamental component of the stator current is increased, as well as the presence of the spatial third harmonic. The results are observed in figure 15. Comparing Figs. 15a-l5b , that 
IV. EXPERMEWM RESULTS
In order to confirm and validate the previous studies, experimental results uith six-step and sinusoidal PWM modulation techniques are shown in the follouing. The motor is driven at ndoad. A six.step converter with IGBT module uas built in the laboratory for experiments. PWM modulation dnving was realized with a commercial converter. shape indicated by the simulation is confirmed in this measurement, and the amount of third harmonic present due to saturation is indicated in the waveform frequency spectrum. Phase voltage and line current from star-connected operation are shown in Fig. 17 . The "rounded" shape indicated by the simulation is confirmed in this measurement, and the amount of third harmonic present due to saturation is indicated in the waveform frequency spectrum.
Sinusoidal PWM motor drive
Measurements with a 4 KHz sinusoidal PWM commercially available converter were also taken as shown in Fig.   18c-18d) . As Observed in the simulation, the line current is free from the saturation harmonic. Distorted phase voltage is observed in the measurement shown in Fig. 19 for the star connected motor, confirming the predicted by simulation. Finally the measurement for the operation with voltage boost is shown in Fig. 20a . A V/fZO% higher than rated ratio was applied to the motor. Measured results are quite in accordance with those predicted by saturated model, as shown in Fig. 15 .
V. CONCLUSIONS
This work ' has presented a theoretical-experimental analyzis of the induction motor behavior fed by static converters considering the magnetic circuit saturation. Sixstep and sinusoidal PWM modulation techniques were studied and implemented for both delta and star winding connections. The comparison between the experimental and simulated results obtained with the non-linear model shows very good agreement. Analyzes based on linear magnetic circuit are inherently inaccurate, since the harmonic components are not accounted for neither in the stator and rotor quantities nor in the electromagnetic torque. It was observed that the effects of the air gap flux harmonics are manifested in the phase currents for the delta-connected machine, while the phasevoltages are affected when the machine is starconnected. In addition, saturation effects are also observed in rotor quantities and electromagnetic torque, as third-order harmonics in rotor currents and oscillations in the motor torque.
